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Abstract

In this work we address how eighteen elementary particles, according to the standard model, can be organized into

modular networks by taking into account standardized versions of their numeric properties of spin, charge and mass.

The coincidence index, based on multiset representation of the extensively used Jaccard index and closely related to the

Kronecker delta function, is adopted for obtaining networks of elementary particles whose connectivity can be controlled

by a parameter establishing how much the positive and negative relationships are relatively taken into account. The

networks, obtained respectively to all 2-by-2 and 3-by-3 combinations of the three particle characteristics, reveal well-

defined modules directly related to the main classes and properties of the considered elementary particles. Several

interesting results are reported, including the confirmation of the ability of the adopted methodology for obtaining

network representations of the relationships between the considered elementary particles, as well as several interesting

interconnectivity patterns, symmetries, and modular structures observed for the obtained networks. In particular, the

network obtained considering all the three particle properties – namely spin, charge, and mass – presented intense

symmetry as well as intercalating layers of quarks, leptons and bosons, with the Higgs boson and the graviton resulting

in opposite extremities, while the W boson provide a critical connection between two portions of the obtained structure.

A systematic approach to identify the effects between the choices of features is also proposed leading to a network of

relationships between the feature configurations from which interesting information can be derived.

‘Probably the most ample small network.’

LdaFC.

1 Introduction

Humanity’s continuing quest to approaching the most

fundamental properties of the physical world can be

traced back to the classical times and, who knows, even

earlier. Nowadays, the large number of theoretical and

experimental approaches and results related to elemen-

tary particles has been organized in the standard model

(e.g. [1, 2, 3, 4]), aimed at understanding and classifying

the elementary particles, especially regarding the electro-

magnetic, weak and strong interactions, typically leaving

gravity out.

Though still incomplete, the standard model has pro-

vided valuable insights about the properties and inter-

relationships between particles, leading to experimentally

verified predictions. Basically, the standard model is a hi-

erarchical construct in which the particles are first divided

into two main groups, namely the elementary fermions

and elementary bosons. The former family is then further

subdivided into two other subfamilies: quarks and leptons

(with the respective antiparticles).

The elementary bosons are divided into two subfami-

lies as well: the gauge bosons and scalar bosons. Each

of these particles have its specific spin, charge and mass.

The elementary fermions have spin 1/2, and the elemen-

tary bosons spin 1 (gauge bosons) and 0 (scalar bosons).

The quarks are related to strong interactions, the leptons

to electroweak interactions, while the gauge bosons are

related to all the three forces. From a more theoretical

perspective, the standard model can be understood to be

underlain mainly by the quantum field theory, involving

several symmetry-related concepts and formulations.

The present work aims at studying the eighteen ele-

mentary particles (including the non-observed graviton)

in terms of the similarity relationships between their re-

spective spin, charge and mass properties, or features. In

order to do so, it is necessary to apply some method-

ology capable of mapping from the table of proper-

ties of the elementary particles into respective networks
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(e.g. [5, 6, 7, 8]).

In the present work, we resource to a coincidence ap-

proach [9] in which multiset theory (e.g. [10, 11, 12, 13,

14, 15]) is used to express a real-valued version of the

extensively used Jaccard similarity index (e.g. [16, 17]),

which has been shown [18] to be directly related to the

Kronecker delta function. The coincidence similarity in-

dex corresponds to the produce of the real-valued Jaccard

and overlap (e.g. [19]) indices, so as to allow the relative

interiority between the two compared sets of real-valued

measurements to be taken into account. In addition, a

parameter α provides an effective means for controlling

the obtained interconnections.

Basically, the three properties of the elementary parti-

cles are first standardized into non-dimensional counter-

parts with null mean and unit standard deviation, the the

similarities between the property of each pair of particles

are then determined, yielding the respective weight ma-

trix defining the respectively obtained networks, which

can then be visualized and analyzes by using respective

methodologies (e.g. [7]). In the present work we adopt

the Fruchterman-Reingold visualization method [20].

There are at least two main motivations for develop-

ments reported in the present work. First, it is interest-

ing to investigate to which point the consideration of the

similarities between the elementary particles properties

can lead to modular structures potentially related to the

overall families in the standard model. In particular, rela-

tionships between the obtained modules and the standard

model structure could be understood as corroborating the

fact that the only three respective properties underly the

main relationships between the considered particles. In

addition, by varying the combinations of properties taken

into account, which is done in 2-by-2 and 3-by-3 man-

ner, it is also possible to identify the respective effect of

each of these combinations regarding relationships with

the standard model structure.

The second main motivation of this work is to illustrate

the potential of the coincidence methodology regarding a

simple, but very important dataset, which involves prop-

erties of rather different types and magnitudes. As such,

the reported approach and results illustrate a more gen-

eral procedure that can be also applied to other important

problems in physics and chemistry while studying other

systems, such as composite particles and the periodic ta-

ble, in terms of the similarity of the involved properties.

We start by presenting the concepts and methodology

underlying the coincidence approach to building networks

from tables of measurement, and then present the adopted

standardization procedure. The several elementary par-

ticles obtained for distinct combinations of spin, charge

and mass respectively to several interconnectivity levels

are then presented and discussed.

2 The Coincidence Approach

Though the Kronecker delta function can be understood

as providing the most direct test of similarity between two

real values [18], this quantification is just too strict in the

sense that any small error in a pair of otherwise identical

values will lead in null result.

Several similarity indices, including the extensively

used Jaccard similarity (e.g. [16, 17], as well as the cosine

(e.g. [10]), Pearson (e.g. [21]) and L1-related similarity

indices (e.g. [22, 23, 24]) have been reported in the litera-

ture. Interestingly, several of them can be understood [18]

as being related to the Kronecker delta function, though

providing a more tolerant quantification of pairwise sim-

ilarity. In addition, several of these indices have been re-

lated to multiset theory generalized to take into account

real, possibly negative values [9, 18].

The present work focuses on the coincidence similar-

ity [9], which is related to both the real-valued Jaccard

and overlap indices. More specifically, given that the for-

mer of these indices has been shown not to be able to

take into account the relative interiority of the two com-

pared sets, multisets, functions or fields, the product of

the real-valued Jaccard and interiority index provides an

interesting manner to integrate the similarity information

provided by these two indices, yielding a more complete

and detailed quantification of similarity.

In order to provide selection of the overall degree of in-

terconnections in the resulting networks, we resource to

a controlling parameter α, with 0 ≤ α ≤ 1. The higher

the value of this parameter, the most the positive pair-

wise correlations are taken into account by the similarity

quantification.

The adopted coincidence similarity index can be ex-

pressed as:

CR(~x, ~y, α) = JR(~x, ~y, α) IR(~x, ~y) (1)

where IR(~x, ~y) is the real-valued interiority index given

as:

IR(~x, ~y) =

∑
i∈S min {|xi|, |yi|)}

min {Sx, Sy}
(2)

where S is the support of the vectors (i = 1, 2, 3 in the

case of elementary particles), with:

Sx =
∑
i∈S
|x| dx; Sy =

∑
i∈S
|y| dy; (3)

In addition, JR(~x, ~y) is the α-controlled real-valued Jac-

card index [25], which can be expressed as:

JR(~x, ~y, α) =
s±(~x, ~y, α)∑

i∈S max {|xi|, |yi|}
(4)
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where:

s±(~x, ~y, α) = [α] s+(~x, ~y)− [1− α] s−(~x, ~y) (5)

with:

s+(~x, ~y) =
∑
i∈S
|sign(xi) + sign(yi)|min {|xi|, |yi|} (6)

s−(~x, ~y) =
∑
i∈S
|sign(xi)− sign(yi)|min {|xi|, |yi|} (7)

Expression 6 appeared previously [22] in the context

of L1 spaces. This expression incorporates the same sign

pairwise contributions to the sum, while Expression 7 col-

lects the opposite sign cases. The parameters α there-

fore controls a linear combination of these two effects.

The multiset-based real-valued Jaccard index [9, 18] is

obtained when α = 0.5 (see also [23] in the context of L1

similarity). However, for α > 0.5 the same signal pair-

wise relationships will predominate and the similarities

will become stronger. Consequently, it becomes possi-

ble to control the overall level of interconnectivity of the

respectively obtained network representations of the orig-

inal data.

3 Features Standardization

Table 1 presents the eighteen elementary particles studied

in this work in terms together with their respective spin,

charge and mass (e.g. [26]).

In several theoretical and practical situations, we have

that the involved measurements or features present rather

distinct ranges of magnitudes, an issue that also depend

on the adopted units. The case of the considered prop-

erties of elementary particles is no exception, especially

regarding the mass magnitudes.

Discrepant magnitudes among a set of measurements

can be addressed by applying the statistical procedure

known as standardization (e.g. [21, 27, 28]). which con-

sists in applying the following expression to each of the

measurements:

x̃i =
xi − µxi

σxi

(8)

The obtained measurements can be verified to corre-

spond to non-dimensional quantities with null means and

unit standard deviation, most of which resulting com-

prised in the interval [−2, 2].

Figure 1 illustrates the properties of each of the eighteen

considered elementary particles after respective standard-

ization. Observe the effectiveness of the standard proce-

dure even respectively to the wide mass variations.

id. particle spin charge mass

1 up quark 1/2 2/3 2.2

2 down quark 1/2 −1/3 4.6

3 charm quark 1/2 2/3 1280

4 strange quark 1/2 −1/3 96

5 top quark 1/2 2/3 173100

6 bottom quark 1/2 −1/3 4180

7 electron 1/2 −1 0.511

8 electron neutrino 1/2 0 0.0000022

9 muon 1/2 −1 105.7

10 muon neutrino 1/2 0 0.17

11 tau 1/2 −1 1776.86

12 tau neutrino 1/2 0 15.5

13 photon 1 0 0

14 W boson 1 −1 80.385

15 Z boson 1 0 91.1875

16 gluon 1 0 0

17 Higgs boson 0 0 125.00

18 graviton 2 0 0

Table 1: The eighteen considered elementary particles and their

respective spin, charge and mass values. In this work, quarks will

be shown in light blue, leptons in salmon, boson in green, and the

graviton in magenta.

4 Networks of Elementary Parti-

cles

The coincidence approach to transform a table of elements

into a respective network was applied to the elementary

particles in Table 1 while taking distinct combinations of

the properties spin, charge and mass. Three intercon-

nections levels were obtained by making α = 0.4, 0.5, 0.6,

while the overall threshold for taking into account the

pairwise similarities was fixed at 0.35. By successive in-

creasing the α parameter, it becomes possible to better

understand how the relationships arise, with the stronger

links and more stable modules appearing first for smaller

values of α, being then successively merged as α increases.

Figure 2 presents the networks obtained while consid-

ering the spin and charge, respectively to α = 0.4 (a),

0.5 (b), and 0.6 (c). For α = 0.4, in which case only

the strongest similarities are maintained, we can discern

5 modules (or communities), each composed by exactly 3

particles: two of them are quarks, two are leptons, and

the remainder one are bosons. The W boson, Higgs bo-

son, and the graviton resulted isolated at this level of

interconnectivity. When α was increased to 0.5, the bo-

son triple remained stable, but the other modules merged

pairwise in a symmetric manner, while respectively ab-

sorbing the W and H bosons. Interestingly, most of the
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Figure 1: The eighteen elementary particles considered in the present work in terms of their statistically standardized spin, charge and

mass. Each of the new measurement is a non-dimensional quantity with null mean and unit standard deviation, most of which comprised in

the interval [−2, 2]. The standardization is performed considering all particles, but only one property at a time. The obtained standardize

features are considered for obtaining the pairwise coincidence similarities adopted in the approach reported in the present work, allowing

the respectively obtained networks to be visualized.

resulting communities (or modules) involve particles from

distinct groups. For the most interconnected configura-

tion, implied by α = 0.6, the boson triple formed a clique

with the graviton, while the other two modules remained

stable. The obtained modules therefore reflect the simi-

larities between the considered elementary particles as far

as the spin and charge properties are concerned, which

makes physical sense.

Figure 3 illustrates the elementary particle networks

obtained while considering the spin and mass respectively

to α = 0.4 (a), 0.5 (b), and 0.6 (c). Identical networks

were obtained for α = 0.4 and 0.5, being characterized

by a large module with 11 particles, most of which light

and corresponding to either quarks or leptons (therefore

with spin 1/2), plus another medium sized community

containing four bosons. The top quark, Higgs boson and

the graviton resulted in isolated nodes. As α was changed

to 0.6, the graviton merged into the bosons module, while

the top quark remained isolated. These relationships are

indeed reasonable as far as the combination of spin and

mass are concerned.

The networks of elementary particles obtained while

taking into account the charge and mass are shown in

Figure 4 respectively to α = 0.4 (a), 0.5 (b), and 0.6 (c).

Now, the combination of the charges and masses in defin-

ing the pairwise similarity between the elementary par-

ticles resulted in a large community for α = 0.4, which

contains mostly light particles with null charge. The sec-

ond largest module incorporates 4 particles, all with neg-

ative charge, including the W boson. Two minor mod-

ules of quarks with similar charges can also be observed,

while the top quark resulted separated as a consequence

of its large mass. The same modules can be observed for

α = 0.5, but for α = 0.6 the two smaller quark communi-

ties are respectively absorbed by the larger modules, while

the top quark remains isolated. These are the modular

structures mediated by the charge and mass, which again

make sense physically, revealing another perspective from

which the particle relationships can be observed.

Figure 5 depicts the elementary particle networks ob-

tained while considering all the available three properties

of spin, charge and mass, respectively to α = 0.4 (a),

0.5 (b), and 0.6 (c). This result is of particular interest

because it takes into account all the three particle proper-

ties, therefore providing the most complete description of

the modularities mediated by these measurements. Three

modules can be clearly discerned for α = 0.4. Two of

them, with 7 and 6 nodes, are almost perfectly symmetri-

cal combinations of quarks and leptons, plus a respective

boson. The quark that is missing from the module with

6 nodes is very probably the top quark, which again re-

sulted isolated. A smaller community with 4 bosons can
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(a) (b) (c)

Figure 2: The networks of elementary particles obtained for spin and charge for interconnectivity levels α = 0.4, 0.5, 0.6. It is interesting to

consider the obtained interconnections in terms of the similarities between the standardized measurements shown in Fig. 1.

(a) (b) (c)

Figure 3: The networks of elementary particles obtained for spin and mass for interconnectivity levels α = 0.4, 0.5, 0.6.

(a) (b) (c)

Figure 4: The networks of elementary particles obtained for charge and mass for interconnectivity levels α = 0.4, 0.5, 0.6.

also be observed, as well as the isolated graviton and Higgs

boson.

Interestingly, the two largest communities can be ob-

served to merge for α = 0.5, while the graviton is absorbed

into the boson community and the top quark remain sep-
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arated. Then, for α = 0.6, all the particles coalesce into a

single connected component in which layers of quarks, lep-

tons and bosons alternate in a mostly symmetric manner,

with the graviton and Higgs boson resulting in opposite

extremities. Observe also the top quark finally being con-

nected to the other related quarks in the lower portion

of the obtained network. It is also interesting to observe

the role of the W boson regarding the interconnection

with the upper portion of the obtained network, as well

as the quite distinct interconnectivity of the Higgs boson

appearing in the opposite portion as of the other bosons.

The unique perspective of the graviton is reflected in its

extreme position. In addition, it is of particular interest

to observe the relatively smaller connectivity of the up,

charm and top quarks obtained for α = 0.6.

5 Network of Features Influence

The above reported results emphasizes the fact that differ-

ent similarity relationships can be obtained depending on

the choice of feature. For instance, we can have that the

incorporation of a new feature changes little or much the

previously obtained connectivity, with important implica-

tions for the role of each feature and feature combinations

on the connectivities obtained respectively for the studied

system.

In order to implement a systematic characterization of

the relative effect of features on the resulting connectivity,

here we propose the derivation of a network of features

influence quantifying the similarity between the networks

obtained for all (or a selected) combinations of features

taking into account in the respective analysis.

This can be achieved by applying the coincidence

methodology to quantify the similarity between the ob-

tained networks, yielding a respective weight matrix that

can then be visualized and analyzed by using ancillary

methods.

Figure 6 presents the network of features influence ob-

tained for the eighteen considered elementary particles

respectively to T = 0.35 and α = 0.6.

Observe that the width of the edges indicates the co-

incidence similarity between pairs of networks obtained

by respective features combinations. Thus, the fact that

relatively thin edges are obtained for the networks ob-

tained by considering each of the features separately indi-

cates that substantially distinct networks are respective

obtained. At the same time, when feature 2 (charge)

is combined with feature 1 (spin), a network similar to

that obtained when considering only the feature 1 is ob-

tained (relatively wide edge). Interestingly, a well-defined

module (actually a clique) of similar elementary particles

network is obtained for the parameter combinations 3,

c(1, 3), c(2, 3) and c(1, 2, 3), indicating that similar net-

works are obtained while adopting any of these feature

combinations. This can be interpreted in the sense that

the feature 3 (mass) is having a more pronounced effect in

defining the interconnectivity in these cases. On the other

hand, another module corresponding to 1 and c(1, 2) can

be identified, expressing an alternative manner of under-

standing the relationship between the elementary parti-

cles as implied by their feature 1 (spin).

The above proposed methodology for investigating the

effect of feature combinations can be employed in virtu-

ally every pattern recognition problem involving combi-

nation of features, providing a complete and important

description of the effect of different choices of measure-

ments on the resulting interconnectivity. In principle, the

observation of modules in these feature networks indicate

that the measurements involved in each module provide

coherent information about the respectively studied struc-

ture. It should be observed that though the covariance be-

tween the features may have an effect on the obtained fea-

tures network, other interrelationships between the origi-

nal data elements, such as category separability, can also

have important respective effects in defining the overall

interconnection and modularity of the resulting networks.

For instance, it is know that data separability is not nec-

essarily the same as data correlation (e.g. [?, ?, 28]).

At the same time, the incorporation of a new feature

into a current configuration may imply a large change in

the overall connectivity, indicating that this new feature

incorporates substantial level of new information. Each of

these effects needs to be carefully evaluated, as it may also

occur that large interconnectivity modifications could be

caused by noisy or unsuitable new features.

6 Concluding Remarks

Science has been built upon an eclectic theoretical and ex-

perimental framework in which a diversity of approaches

have been systematically employed in order to obtain in-

sights about the structure and dynamics of the physical

world. This include the consideration of symmetries, dis-

tances, and similarities, which have been applied both as

insights motivating experimental approaches as in the in-

terpretation of experimental data.

The present work has studied in systematic manner

the interrelationship between eighteen elementary parti-

cles from the perspective of pairwise similarities between

their respective properties of spin, charge and mass. The

fact that these properties, especially the mass, have dif-

ferent magnitude was approached by adopting the statis-

tical linear transformation known as standardization. In

addition, we applied a methodology based on the coin-
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(a) (b) (c)

Figure 5: The networks of elementary particles obtained while taking into account spin, charge and mass for interconnectivity levels

α = 0.4, 0.5, 0.6.

Figure 6: The relationship between the networks of elementary par-

ticles obtained while taking into account all the 7 possible combina-

tions (1-by-1, 2-by-2, and 3-by3) between spin (1), charge (2) and

mass (3) for T = 0.35 and interconnectivity level α = 0.6. Each

of the nodes represent a network of elementary particles obtained

while taking into account the respectively indicated features com-

bination. The width of the edges expresses the respective pairwise

similarity as quantified by the similarity index. Two main resulting

modules can be observed.

cidence similarity index that allows detailed networks to

be obtained from tables of measurements. The coinci-

dence index is directly related to the Jaccard similarity

index, complemented by the incorporation of information

about the relative interiority of the two compared sets, as

well as to the Kronecker delta function, of which it can

be understood as providing a more tolerant quantification

of similarity, though not as much as the cosine and the

Pearson similarities that have been extensively adopted.

Networks with detailed interconnectivity and well-

defined modular structures have been obtained from

datasets by using the coincidence approach [25]. In addi-

tion, the provision of a parameter α controlling the over-

all level of interconnectivity provides a particularly use-

ful dissecting capability that can be employed to verify

how the identified structures and modules change regard-

ing more or less intense interconnections. More specifi-

cally, as the values of α are progressively reduced, only

the stronger links remain that are capable of counteract-

ing the opposite sign interactions. Thus, more intensely

interconnected networks are obtained for larger values of

α. These features contributed substantially for the analy-

sis of the elementary particle networks obtained and dis-

cussed in the current work.

We were therefore able to obtain several networks rep-

resenting the similarity between the considered eighteen

elementary particles, while considering all the 2-by-2 and

3-by-3 combinations of the properties spin, charge and

mass. In each case, networks were obtained that reflected

the respectively adopted measurements, often resulting in

symmetric interconnectivity patterns and modules, such

as the networks observed when taking into account the

spin and charge. The networks obtained while consider-

ing the weight resulted in a particularly diverse sizes of

modules. When all the three properties were considered,

three main communities could be identified corresponding

to two mostly symmetric modules involving almost the

same number of quarks and leptons, but just one boson,

plus a third community containing only three bosons. As

the nodes were allowed to develop more intense intercon-

nectivity, which was obtained by considering larger val-

ues of α, the two mixed communities merged in a mostly

symmetric, laminated module with alternating layers of

quarks and leptons, with a boson at each of its extremi-
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ties.

As α was further increased, a single network was ob-

tained incorporating all considered particles, being orga-

nized by alternating layers of quarks, leptons and bosons,

while the Higgs boson and the graviton resulted in oppo-

site extremities. Among the reported results, this latter

network represents the most complete representation of

the interactions between the several considered elemen-

tary particles as far as their respective pairwise similarity

of properties are concerned.

The obtained results should be understood as being ba-

sically aimed at a systematic approach to verifying the

possible implications of the pairwise similarity between

the three properties of the considered particles in shaping

their respective relationships. The basic question, there-

fore concerns how the elementary particles group them-

selves into specific interconnectivity patterns and modu-

larity as a consequence of similarity relationships between

their respective spin, charge and mass, and how the ob-

tained community structures can be related to the struc-

ture of the standard model. After all, it is these three

properties that characterized the behavior of the elemen-

tary particles. However, it is by no means meant that

the obtained modularity should be closely mirrored in the

standard model, as other aspects, such as the types of me-

diated forces, have particular importance in the latter.

A methodology was also proposed in order to system-

atically quantify the effects of the different combinations

of features onto the resulting interconnectivity. This

methodology, which can be considered in any problem in-

volving combinations of features, revealed that two main

types of elementary particle networks can be derived from

the three considered features: one smaller community re-

lated to spin and another, larger and particularly well-

connected module related to mass.

All in all, the proposed concepts and methods could

provide flexible subsidies for exploring several natural sys-

tems in terms of similarity relationships established as a

consequence of distinct choices of the features adopted for

respective characterization, providing insights that can

then be further investigated through theoretical or experi-

mental means. In addition to allowing the identification of

detailed interconnections between the components of the

studied system, the suggested approach also provides an

interesting means for selectively identifying the possible

effect of several combinations of the respective available

features or properties.

Several perspectives for further research are motivated

by the reported concepts, methods and results, includ-

ing the extension to other systematic models such as the

periodic table and composite particles and physical inter-

actions.
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